necessary to induce proliferation of cerebellar cells. Cerebellar cells were cultured for 48 hr in medium containing various concentrations of Shh-N, pulsed with cerebellum was analyzed by in situ hybridization. shh was expressed in the Purkinje cell layer (PCL) and the tritiated thymidine ( 3 H-Td), and harvested for quantitation of incorporated thymidine. Substantial increases in molecular layer (ML), which consists primarily of Purkinje cell dendrites ( Figure 1A ). In contrast, mRNAs enthymidine incorporation were observed ( Figure 2B ) when cerebellar cells were treated with concentrations coding the shh-related genes indian hedgehog and desert hedgehog (Bitgood and McMahon, 1995) were not of Shh-N as low as 0.1 g/ml (6 nM). Increasing amounts of incorporation were seen with increasing doses of Shh. 1981), but positive for HNK-1, a cell-surface antigen present on GCPs in the proliferative zone of the EGL Since maximal responses were usually seen at 3 g/ml (150 nM), this concentration was used for our subse- (Wernecke et al., 1985) . This suggested that the Shhresponsive cells were GCPs. In support of this concluquent experiments.
To determine the kinetics of the response to Shh, sion, we have observed that cerebellar cells isolated from 1-to 10-day-old mice proliferate significantly in cerebellar cells were cultured in the presence or absence of Shh-N for 12-60 hr, pulsed with Shh to promote proliferation in vitro, they probably copersists for at least 2 weeks in culture. Moreover, the operate to control GCP growth and development in vivo. effect appears to be specific for GCPs, since proliferating cells are small and nonadherent, express high levels of HNK-1, and, in slice cultures, are found in the outerTermination of Shh-Induced Proliferation and Induction of Differentiation most region of the EGL.
Our analysis of the kinetics of the response to Shh Along with stimulating proliferation, Shh also appears to inhibit differentiation and migration of GCPs. Untreated revealed that cerebellar cells proliferate constitutively during the first day of culture and only begin to show GCPs undergo spontaneous differentiation in culture, while Shh-treated cells are maintained in an undiffersignificant responses to exogenous Shh thereafter. Constitutive proliferation of GCPs cultured at high density entiated (HNK-1-positive, NNE-positive, NeuN-negative) state. Similarly, GCPs in control slice cultures are able for short periods has been described previously (Gao et al., 1991) and has been suggested to be due to homoto migrate inward, while those in Shh-treated cultures remain in the outer EGL. Shh-induced proliferation is typic interactions between granule cells. We have observed that the constitutive proliferation is significantly therefore incompatible, at least in the short term, with One factor that may contribute to exit of GCPs from the cell cycle is increased expression of the Shh-binding protein Ptc. Many studies suggest that Ptc is a negative regulator of signaling and target gene expression and that Shh functions by binding to Ptc and overcoming this repression (Goodrich et al., 1996) . One of the target genes induced by Shh is ptc itself; this increased expression of a negative regulator is believed to limit the duration or increase the threshold of further responses (Chen and Struhl, 1996). Cerebellar cells stimulated with Shh-N increase transcription of ptc, and this could contribute to a dampening of their proliferative response. However, while Ptc levels increase substantially after 24 hr in culture, cerebellar cell proliferation does not peak until 3 to 4 days in culture and can still be seen 2 weeks later. Therefore, increased Ptc is probably not sufficient to terminate Shh responsiveness.
In light of our observation that forskolin inhibits the proliferative response of cerebellar cells to Shh-N, an alternative explanation for the termination of Shhinduced proliferation might be activation of PKA. One candidate for a physiologic activator of PKA in the cerebellum is pituitary adenylate cyclase-activating poly- differentiation. Further studies on the precise timing and However, even after 2 weeks of culture in medium conspatial localization of Shh, PACAP, bFGF, and other taining Shh, a significant amount of thymidine incorporagrowth factors may shed light on the mechanisms by tion is observed, indicating that some GCPs can remain which these factors cooperate to orchestrate granule self-renewing precursors as long as they are exposed cell generation in vivo. to Shh. The ability of Shh to inhibit differentiation of GCPs contrasts with its role in many other tissues, where it promotes cell fate determination and cellular differenShh Is Necessary for Granule Cell Generation In Vivo tiation.
The continued proliferation of cells in response to The importance of Shh signaling for GCP proliferation in vivo was confirmed by our studies using anti-Shh Shh raises the question of what normally stops GCP proliferation and allows cells to differentiate into mature hybridomas. Although control hybridomas had no detectable effect on EGL structure, anti-Shh-secreting hygranule cells. In this context, it is important to note that during their development GCPs migrate toward Purkinje bridomas caused a severe reduction in the thickness of the EGL. This reduction in thickness was primarily due cells -the major source of Shh -and thus should be exposed to higher and higher concentrations of Shh.
to a loss of the outer proliferative zone of the EGL, although some thinning of the postmitotic zone, marked Despite this, they stop dividing and differentiate by the time they reach the middle of the EGL. Thus, termination by TAG-1 expression, was also observed. Importantly, anti-Shh hybridomas had no discernible effect on Purof the GCP proliferative response is probably not due to reduced exposure to Shh. Rather, it is likely to result kinje cells. The depletion of EGL cells by anti-Shh was observed from reduced responsiveness to Shh or conversion of a proliferative response into a differentiative one.
after 3 days of exposure to antibodies in vivo. It would Following culture, cells were harvested onto filters using a using T3 or T7 polymerase from Pharmacia, Piscataway, NJ) specific Wallac harvester (EG & G Wallac, Gaithersburg, MD), and the amount removed aseptically, embedded in 2% low-gelling temperature agaof incorporated radioactivity was quantitated by liquid scintillation rose (FMC Bioproducts, Rockland, ME), and cut into 300 M thick spectrophotometry. For most experiments, Shh-N was used at a parasaggital sections using a Vibratome (Ted Pella, Redding, CA). concentration of 3 g/ml. Epidermal growth factor (EGF), insulinSlices were cultured on Millicel CM culture inserts (Millipore, Bedlike growth factor I (IGF-I), and basic fibroblast growth factor (bFGF) ford, MA) in 6-well plates containing serum-free medium supplewere all from R & D Systems (Minneapolis, MN) and were used at mented with 6 mg/ml glucose and 25 mM potassium chloride. After a concentration of 25 ng/ml. Forskolin (Sigma) was used at 4 g/ 48 hr, BrdU was added to the medium, and slices were cultured for ml. When cells were cultured for periods longer than 3 days, media 16 more hr. Slices were then fixed with 4% paraformaldehyde, was removed from cells every third day and replaced with fresh treated with 2N HCl followed by 0.1M borate, and stained overnight media containing the same stimuli.
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